Abstract. The circular cylinder with porous materials coating (PMC) is studied in detail to reveal the sensitivity of surface permeability to the flow control and noise reduction. Two-dimensional simulations were firstly used to identify the critical values of permeability and thickness. Parametric study results show that, there is a critical permeability value which produces the minimum force fluctuation and maximum noise reduction. Additionally, the porous coating can work more efficient for noise reduction with larger thickness. The further three-dimensional simulation is employed to understand the underlying physical mechanisms of flow control. The results show that the spanwise vorticity is modified more than that of other directions and behaves more synergistically. The pressure field adjacent to the cylinder surface indicates that the adverse pressure gradient is changed to the favorable pressure gradient around the porous surface which contributes partly to the vortex shedding suppression.
Introduction
Flow past circular cylinders has been extensively investigated in fluid dynamics associated with engineering application of aircraft landing gear system, pantograph of high-speed trains, heat exchangers etc. The cross-flow interaction with the cylinder induces unsteady loading on the surface which can cause serious structural and environmental problems, such as noise radiation, drag and vibration.
Passive flow control is an efficient approach to mitigate these adverse effects [1] . Porous media has potential benefits for flow-control [2, 3] through introducing a fluid permeable medium between the fluid and solid and modify the boundary layer and wake characteristics. A number of researchers have studied flow pass and through porous bluff bodies to reveal the interesting flow control phenomenon. Some of them focus on the low Reynolds flow aiming at e.g. enhancing heat transfer [4] [5] [6] . The high Reynolds flow is associated to the applications such as drag reduction, vibration and noise reduction. For example, Bruneau and Mortazavi [7] found that porous wraps around rectangular cylinders with suitable choice of permeability coefficient can potentially reduce the hydrodynamic drag by up to 30 %. Zhao et al. [8] and Yu et al. [9] performed numerical simulations for a porous cylinder and found that the drag reduction can be obtained using porous treatment dependent greatly on materials property and Reynolds number. Experimental [10] and numerical studies [11, 12] have also shown that the porous coatings can stabilize the shear layer and the near wake region and subsequently cause significant reduction in lift fluctuations and noise. It is attributed partly to the existence of slip boundary condition at the porous-fluid interface and dissipation of energy by the porous media. More recently, PIV (Particle Image Velocimetry) measurements have revealed again that perforated cylinders can elongate the shear layer and prevent the Karman Vortex Street [13] . Through acoustic measurements, Geyer et al. [14] found that the use of soft porous covers for circular cylinders can lead to noticeable aerodynamic noise reduction. Syamir et al. [15] experimentally found that the porous cover can reduce the fluctuating force of bluff body significantly and delay the vortex shedding and increase the formation length.
Liu et al. [16] and Yamamoto et al. [17] investigated porous-cover concept for noise reduction of bluff-body component of landing gear and showed the promising results. However, the sensitivity and critical values of some important parameters of porous materials coating, such as typically permeability and thickness, for circular cylinder flow control and potential noise reduction, were not identified clearly by the previous studies. Also, to better understand the underlying mechanisms, more systematically researches are necessary.
For this reason, the present paper reports some important results of our study on the use of porous coatings for controlling the flow field of circular cylinder and reduction of the flow-generated noise. In particular, parametric study indicates the significance of the permeability constant for effective control of the unsteady aerodynamic features and far-field noise. The critical values of permeability and thickness are also studied systematically. The present study also contributes to reveal more underlying physical mechanisms, e.g. adverse pressure gradient medication. This paper is organized as follows. Section 2 presents the methodology used for the simulations. Section 3 is devoted to the results of parametric study. Section 4 gives the results of three-dimensional simulation for understanding the mechanisms of flow control. Results are presented for the unsteady aerodynamic forces, wake development and also the far-field noise. Section 5 concludes the critical values of porous coating parameter and the important control mechanisms. , as shown in Fig. 1 . Although the flow in this problem is intrinsically three-dimensional, as demonstrated in some prior research [18, 19] , two-dimensional unsteady CFD can reveal some important aspects of flow-porous interaction, particularly the dynamics of vortex shedding and effects of unsteady aerodynamic forces. The related validation for two-dimensional simulation can be found in Ref. [20] , where the numerical method has also been compared against the available data in other numerical and experimental investigations [21] [22] [23] [24] . So, to balance the huge computing cost and parametric study aims, with some degree of accuracy, a number of two-dimensional simulations are implemented firstly. Subsequently, specific three-dimensional simulation is employed to reveal more underlying information to better understand the physical mechanisms of flow control by porous coating. The combination of two and three-dimensional simulation is a common strategy for investigating passive flow control [11] .
Numerical methodology
The incompressible Navier-Stokes equations were solved using the finite volume CFD package of ANSYS-Fluent [25] . Large eddy simulation (LES) with smagorinsky subgrid model is employed to calculate the flow field. All current computations were performed with second-order accuracy. The computation domain and the boundary conditions are also shown in Fig. 1 . The dimensionless time-step Δ / for unsteady simulation is 0.05, which is corresponding to 110 time-steps per vortex shedding cycle for sufficient resolution of shedding process. The present unsteady time step produces the maximum acoustics frequency up to 10 kHz which is enough for the present problem. The Brinkman-Forchheimer extended Darcy model is used to describe the mass and momentum conservation in the isotropic and homogeneous porous medium, similar to Vafai [26] and Hsu and Cheng [27] . The continuity condition is employed to couple the interface flow between the fluids outside and inside porous media. Further details of the simulation method can be found in Ref. [12] . In this paper, the Darcy number = / is used as non-dimensionalized permeability and the porosity ( ) is set to 0.97. The relationship of permeability to other parameters, such as porosity and microscopic structure of the porous medium, is not the focus of this paper. Ffowcs Williams-Hawkings (FW-H) equation with integral solution [28, 29] are used to predict the far-field noise. The acoustics integral surface is defined on the porous surface. 
Unsteady force fluctuation and drag
The effect of porous coating permeability and thickness on the effective control of the unsteady forces acting on the cylinder is presented in Fig. 2 . The RMS (Root-Mean-Square) force coefficients and time-averaged drag coefficient are normalized with the value of rigid cylinder (baseline). In Fig. 2 (a), the dimensionless porous coating thickness is fixed at normalized value of ℎ/ = 0.80, where = /2. Fig. 2(a) shows that both the lift and drag fluctuations and mean drag reach their minimum when the dimensionless permeability is between = 6.4×10
. It is considered here the critical value to be approximately = 6.4×10 -3 , because that is close to Naito and Fukagata's value of 2.0×10 -2 [11] . The permeability deviating from the critical value causes the degenerative flow control effects. The porous materials coating (PMC) with extremely high permeability behave similar to a pure fluid medium and therefore the unsteady forces and drag level should gradually approach the level of the baseline case. In the permeability range considered in this study, the lift and drag fluctuations of the treated cylinders are always lower than that of the baseline. When the permeability is proper e.g. larger than = 3.5×10 -3 as seen in Fig. 2(a) , the drag level seems to be reduced compared with baseline value. Fig. 2(b) presents the influences of the porous coating thickness (ℎ/ ). Based on the results in Fig. 2(a) , the dimensionless permeability is set to = 6.4×10 -3 . Results have shown that the unsteady forces on the cylinder can be significantly reduced by adding a porous coating on the cylinder. Results indicate that the mean drag force can be decreased if a relatively thicker porous layer is used (i.e. ℎ/ > 0.48). Seen from the results, even a very thin porous layer (i.e. ℎ/ = 0.05) can lead to an increase in the mean drag force, because of the change of surface condition and the porous intrinsic drag force. However, when the extreme thickness of porous layer reach zero, the drag level should be equal to that of baseline. The rapid drop observed during thickness changes from ℎ/ = 0.48 to 0.64, indicates significant changes of flow structure which was also investigated in prior investigations [12, 20] . Fig. 3 shows the power spectrum density (PSD) of the lift fluctuations for cylinders treated with porous materials with different permeability (Da) and thickness (ℎ/ ). The dimensionless frequency is = / . Fig. 3(a) shows that the lift PSD reduction depends strongly on the permeability of the porous material. In addition, the dominant vortex shedding frequency is reduced to about 0.1 when permeability of porous coating is = 6.4×10 -3 . Furthermore, results in Fig. 3(b) show that increasing the thickness of the porous layer leads to a significant decrease of the lift fluctuation energy and associated frequency, when the non-dimensional permeability is fixed at = 6.4×10 -3 . The PSD results at and ℎ/ ≥ 0.64 show even energy attenuation of two orders. The recent work [30] of using plasma to control the tandem cylinder flow also reports similar dramatic peak value reduction of PSD up to two orders. Here, it is explained as the significant vortex shedding suppression in terms of vorticity energy dissipation and frequency reduction which can see in the later flow results. 
Effects on flow behavior
To better understand the aerodynamic results presented in Section 3.1, the flow field results are given in this section. The instantaneous spanwise vorticity fields of cylinders covered by porous layer of different Da values are shown in Fig. 4 . The solid and dashed lines represent the solid surface and the porous surface, respectively. The non-dimensional thickness (ℎ/ ) of porous layer is set to 0.8. In Fig. 4(a) , it can be seen that when the permeability is quite small ( = 9.6×10 -5 ), the porous materials behave more like solid, and intense vortex shedding happens from the surface of the porous coating. Fig. 4(d) shows that, in contrast, when the permeability is quite large ( = 0.272), the porous materials behave more like pure fluid and intense vortex shedding appears around the inside solid cylinder. Fig. 4 shows that the vortex shedding formation and turbulence level in the near wake can be effectively controlled by employing a porous material cover with an optimum permeability value. It can be seen in Fig. 4(b) that the initial roll-up location can be moved downstream to position of several diameter (almost 8 ) using an optimum permeability. According to the studies of Lam and Lin [31] on waved-surface cylinder, the elongated vortex formation length consequently can contribute to the pressure-drag reduction which demonstrates the result in previous Fig. 2 . The porous coating is also found to decrease the vorticity intensity within the wake, which is consistent with the recently experimental reports of perforated cylinders [13] . The instantaneous spanwise vorticity field for cylinders with different thicknesses ℎ/ are shown in Fig. 5 , where the permeability value is fixed at = 6.4×10 -3 . With the increase of porous cover thickness, the free shear layer extends further downstream and rolls up weakly. Significant changes can be observed between Fig. 5(b) and Fig. 5(c) , when the porous coating thickness increases from ℎ/ = 0.48 to ℎ/ = 0.64. 
Effects on acoustic
The effect of the permeability and thickness of the porous treatment on the relative overall noise reduction, Δ , (i.e. noise from cylinders with porous treatment relative to the bare cylinder) are presented in Fig. 6 . The acoustics measurement point is located at 80 above the cylinder center. The influence of the dimensionless permeability on noise reduction is shown in Fig. 6(a) . Results show that in the case of thin porous covers, the level of noise reduction is almost independent of the permeability of the porous material. For cylinders covered with a thick porous coating e.g. ℎ/ ≥ 0.64, however, the level of noise reduction can change significantly with varying permeability. The maximum noise reduction can be achieved at = 6.4×10 -3 , as also indicated by the previous unsteady force results in Section 3.1. The effect of porous coating thickness on noise reduction is shown in Fig. 6(b) . It can be seen that for cases of ℎ/ < 0.48, the Δ is quite small, while for cases with ℎ/ ≥ 0.48, the porous treatment lead to a sharp Δ increase, especially for critical permeability . 
Three-dimensional simulation for understanding the mechanisms
For the three-dimensional simulation, the spanwise length is chozen for better representing the three-dimensional flow features and balancing the computaitonal cost [32] . The properties of porous materials coating are = 4.16×10 -2 and ℎ/ = 0.80 which are similar to the parameters used by Takeshi et al. [10] in experiment. The three-dimensional vorticity structure is identified by criterion which is expressed by:
where the maximum positive value of corresponds to the vorticity core region and the negative value corresponds to the pure shear flow without vortex motion. Seen from the instantaneous three-dimensional vorticity structures in Fig. 7(a) , the shear layer of the rigid cylinder just develops over the rear surface. In addition, it comprises complicate three-dimensional coherent structure and small-scale structure associated to the Kelvin-Helmholtz instability (KHI) [33] . In this case, the near wake disturbance is strong and 'flaps' behind the cylinder. More explains of this instability mode can be found in the work of Blevins [33] . Regarding the porous materials coating (PMC) cylinder, the smooth free shear layer over the porous surface detaches from two sides. The stable laminar shear layer develops further downstream and transition to the turbulent vorticity wake. Additionally, the three-dimensionality and KHI of free shear layer are suppressed significantly so that it behaves more synergetic along spanwise direction. The shedding vortex from the core cylinder below porous surface is actually very weak because the dissipation effects of porous materials. The far downstream wake of different cylinders has similar vortex characteristic such as appearance of streanwise vortex, necklace vortex and spanwise vortex. The complex flow structures here were not yet found by the previous two dimensional approaches. So, the three-dimensional study is the important supplement to reveal more information of flow modification by PMC.
To identify the effects of flow control by PMC on vorticity modification at different directions, Fig. 8 presents the contours of vorticity of , and directions respectively, in three columns. The top and bottom row represents the rigid cylinder and PMC cylinder respectively. Generally, the scale of flow structure in PMC case is always larger than that of rigid cylinder which implies possible suppression of small-scale vortex. It is more obvious for the modification of ( = / − / ) which means that shear effects on -plane is significantly controlled, just like the previous two-dimensional results shown in Fig. 4 and Fig. 5 . Five cut-planes vorticity contours equal-spaced along the spanwise direction are shown in the followed Fig. 9 . The left one represents the rigid cylinder and the right one represents the PMC cylinder respectively. It is found that the flow structure of rigid cylinder has remarkable spanwise difference. In contrast, for the PMC cylinder at different planes, it shows similar flow structure. This result provides evidence again of the spanwise synergy effects of PMC on flow structure. Fig. 10 shows the time history of lift coefficient and acoustics spectrum. The sound measurement position is above the cylinder center with distance of 80 in the middle plane, computed through three-dimensional LES approach. In Fig. 10(a) , the fluctuating magnitude and frequency can be reduced significantly by PMC and become more regular. The fast Fourier transform (FFT) of lift coefficient are also inserted as subplot of the figure which can demonstrate the conclusion from the view of frequency. Fig. 10(b) shows the acoustics spectrum changes caused by PMC. The tonal noise level is reduced by 15 dB. The previous two-dimensional approach over-predicted the noise reduction value around 2 dB which can be attributed to the assumption of fully correlated flow over the spanwise direction of cylinder in the 2D simulation [22] . In Fig. 10(b) , the dominant frequency is moved to lower range which is similar to the conclusions of early publication using two-dimensional method [20] . However, through three-dimensional simulation, additionally, it is also found that the tonal bandwidth become narrow for PMC case compared with the rigid case. And the PMC seems to filter the 'needling' of sound spectrum, which appears in the results of rigid case. Because the employed method of signal process is identical, it is attributed to the acoustics modulation by flow control. The Kelvin-Helmholtz instability (KHI) produces the additional small-scale vortex that is considered to be the reason for these extra acoustics component ('needling'). It can be concluded that the PMC can modify not only the large vorticity structure (coherent structure) but also the small vorticity structure (KHI). Until now, it is well known that the vortex shedding can be suppressed by the porous materials coating (PMC) [7, 9, 10, [12] [13] [14] . To reveal more essential mechanisms, Fig. 11 presents the pressure field around the cylinder. Adverse pressure gradient ( / > 0) normally appears around the rigid cylinder which is responsible for the boundary layer separation and subsequent vortex shedding. However, for the PMC cylinder, flow around the PMC surface is with favorable pressure gradient (∂ / < 0) which causes the vortex shedding suppression and flow stability. Even the adverse pressure gradient also appears under the porous surface, but the dissipation attenuates the intensity of shedding from the inside solid cylinder significantly which therefore, has little influences on the whole flow field.
Conclusions
Numerical investigations on aerodynamics and acoustic performance of a single circular cylinder treated with porous materials coatings at = 4.7×10 4 has revealed that the permeability plays an important role and can determine the effectiveness of the porous treatment for controlling the vortex shedding, unsteady forces and the far-field noise. The non-dimensional permeability about = 6.4×10 -3 is found to achieve the maximum noise reduction and deviation from this critical value causes the degradation of control ability. Under the critical permeability, the free shear layer is elongated significantly. The porous coating thickness ℎ/ for effective noise reduction is suggested to be larger than 0.3 at least. In addition, the permeability behaves more sensitively under the thicker porous coatings. Three-dimensional simulation reveals that the spanwise modification is more obvious rather than other directions by PMC and the flow structure is more synergetic along spanwise direction. The favorable pressure gradient form around the porous surface is partly the underlying physical mechanisms of vortex shedding suppression.
